Abstract Summer mean daily temperature extremes in Svalbard Lufthavn (Central Spitsbergen) in the period 1975-2010 and daily pressure patterns and directions of air circulation conducive to their occurrence were analyzed. Positive (negative) extremes of daily mean temperatures in the summer were determined as higher (lower) than or equal to the value of the 90th (10th) percentile. The annual number of selected days shows a great year-to-year variability, although the annual number of extremely low mean daily temperature (≤1.3°C) was decreasing in the 1976-2010 period, with a rate of about 4 days per decade. At the same time, the number of days with extremely high mean daily temperatures (≤8.2°C) was increasing with a rate of about 2 days per decade. The summer pressure patterns and the air circulation conditions have an impact on the occurrence of the air mean daily temperature extremes. Namely, anticyclones spreading east to the Svalbard Archipelago, accompanied by the Icelandic Low, cause the air inflow from the southerly direction and positive mean daily temperature extremes. A cyclonal system spreading east or southeast towards the archipelago, together with a high-pressure ridge over the North Atlantic, indicates the northern air flow and negative mean daily temperature extremes in summer. The results obtained in this study prove that the summer air temperature in the Atlantic region of the Arctic is partly controlled by air circulation, and despite the intensity and stability of the summer cyclones and anticyclones being weaker than in the winter, their position strongly determines the occurrence of mean daily temperature extremes in the summer.
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Introduction
The annual patterns and the monthly records of the surface air temperature in the northern polar climates significantly differ from year to year. This is mostly because of the limited inflow of solar irradiation and a dominant impact of air circulation on the polar climate. The intense cyclonic activity in the Arctic and, in consequence, the quick exchange of air masses, originating from the north and from the south, cause great variations in the weather and temperature conditions (Steffensen 1982; Nordli 1990; Serreze et al. 1993; Førland et al. 1997; Zhang et al. 2004; Marsz and Styszyńska 2007; Rachlewicz and Styszyńska 2007) . The impact of atmospheric circulation resulting from pressure patterns on the climate has been described in several studies concerning the Arctic (e.g., Serreze and Barry 1988; Wielbińska and Skrzypczak 1988; Serreze et al. 1993; Przybylak 1996 Przybylak , 2000 Hanssen-Bauer and Forland 1998; Niedźwiedź 2003 Niedźwiedź , 2006 Zhang et al. 2004; Rogers et al. 2005; Maciejowski and Michniewski 2007) . Most of the authors put an emphasis on the cyclonic activity during the cold season, which is characterized by the most dynamic changes of pressure patterns and weather conditions (Bednorz 2011) .
The short period of polar summer, usually equal to the duration of a polar day, is the most stable season in terms of thermal conditions. It is also the only season when a reasonable inflow of solar irradiation comes to the ground, becoming a dominant factor affecting temperature increase. However, summer baric centers, although they are not as intensive and predominant as the winter ones, also influence the weather, mainly the air temperature and humidity.
The aim of the study is to detect summer mean daily temperature extremes in Spitsbergen and to recognize daily pressure patterns and directions of air circulation conducive to their occurrence. Considering the growing interest in the climate changes in Polar Regions, which are most vulnerable to current warming trends, any contribution to the discussion on the temperature in these regions and its circulation feedback seems to be essential.
Area, data, and methods
The island of Spitsbergen belonging to the Svalbard Archipelago is a part of the Euro-Atlantic sector of the Arctic. The island is surrounded by cold waters of the Arctic Sea in the north, the Barents Sea in the southeast, and the Greenland Sea in the southwest, which is warmed by the West Spitsbergen Current, a branch of the North Atlantic stream.
In this study, data from the Svalbard Lufthavn station (78.25°N, 15.46°E, 2 ma.s.l.), typical of the central part of the island, were used. The station is located at the inner end of Adventfjorden, a southerly branch of Isfjorden, which is cut deeply from the west into the land (Nordli 1990) (Fig. 1) . Therefore, Svalbard Lufthavn has more continental climate than other meteorological stations in the island, which are located mostly on the western shore. Daily mean surface air temperature data for the years 1976-2010 were collected from the Norwegian Meteorological Institute, available at the eKlima web portal. Additionally, the daily mean cloudiness was derived from the same source. Investigating the homogeneity of a time series is often very difficult in the Arctic due to the lack of neighboring stations (Nordli 1990 ). In the case of Svalbard Lufthavn, no changes in the location of the station took place in the studied period and the series was controlled and considered as homogenous (Førland et al. 1997; Nordli et al. 2000) .
A significant feature of polar climate is a long and cold winter and a short summer with daily mean temperature exceeding 0°C. In some studies concerning the Arctic (Baranowski 1968; Kwaśniewska and Pereyma 2004) , a period with daily mean temperature above 2.5°C is considered thermal summer. Keeping this in mind, the months from June to August, which are characterized by mean temperature above 2.5°C, were taken into consideration in this study.
Summer extreme daily mean temperatures were determined, according to the Intergovernmental Panel on Climate Change (IPCC) rules, as occurring with a frequency lower than or equal to 10 % (IPCC Fourth Assessment Report 2007; Ustrnul and Czekierda 2009) .
Relating the occurrence of mean daily temperature extremes to synoptic conditions, the "environment to circulation" approach was applied. In this method, the circulation classification is carried along specific environment-based criteria set for a particular environmental phenomenon, i.e., mean daily temperature extremes in this case (Yarnal 1993; Yarnal et al. 2001; Dayan et al. 2012) . In order to recognize pressure patterns and circulation conditions, which are favorable for positive and negative thermal extremes, the sea level pressure (SLP) daily data for the area shown in Fig. 1 were used. They were obtained from the National Centers for Environmental Prediction (NCEP)/ National Center for Atmospheric Research (NCAR) reanalysis data (Kalnay et al. 1996) .
Firstly, the correlation coefficients between the daily mean surface temperatures in Svalbard Lufthavn and the daily values of SLP in the grid points in the area 60-90°N latitude by 60°W-80°E longitude were calculated and mapped. Furthermore, composite maps of the SLP means as well as SLP anomaly maps were constructed separately for the days with the positive and negative extremes of the mean daily temperature in the summer. Anomalies were computed as differences between composite values and summer means. Additionally, the mean daily air temperature at 850 hPa isobaric level (T850) was taken into consideration (data derived from NCEP/NCAR reanalysis data; Kalnay et al. 1996) , and temperature anomalies for defined situations were computed and mapped.
Furthermore, on the basis of the daily patterns of SLP, different circulation types were distinguished separately for the days with positive and negative summer mean daily temperature extremes, using the Ward's (1963) minimum variance method. This is a hierarchical clustering technique most frequently used for climatic classification (Kalkstein et al. 1987) for identifying the atmospheric circulation patterns associated with the occurrence of specific weather phenomena (e.g., Birkeland and Mock 1996; Esteban et al. 2005; Bednorz 2011 ). In the case of this study, the clustered objects were the days with the extremes of mean daily summer temperature (separately positive and negative), and the clustering was based on the daily SLP data.
The main idea of the clustering of data objects (days in this case) is the idea of distance. Clusters should consist of objects separated by small distances, relative to the distance between clusters. The commonly used distance measure in cluster analysis is the Euclidean distance in the multidimensional space of the data vectors. Ward's minimum variance method assumes that the pair of clusters will result in the minimum sum of squared distances between the objects and the centroids of their respective groups summed over the resulting groups (Wilks 1995) .
Results
The mean annual course of the air surface temperature in Svalbard Lufthavn for the period shows a long and cold period of polar winter (December-March) with the steady mean temperature well below −10°C (Table 1 ; Fig. 2 ). The minimum is reached towards the end of the polar night (February, −14.0°C), and afterwards, with the start of the polar day, i.e., as of April, temperature increases rapidly and reaches 2.7°C in June. The summer maximum (6.3°C) falls on July. A positive mean monthly temperature prevails until September (1.0°C), and afterwards, it decreases quickly until December. A great variability in the winter season is a typical feature of the annual course of the air surface temperature in Spitsbergen and in the Polar Regions in general. Values of the mean monthly temperature change from year to year (standard deviation up to 4.9°C in January) as well as values of daily mean temperature, which varies from day to day (standard deviation exceeds 8.0°C). The temperature of the summer months is much less variable, with the standard deviation for mean monthly values close to 1.0°C and ranging from 2.2 to 2.5°C for mean daily values.
The mean summer (June-August) temperatures in Svalbard Lufthavn show a moderate year-to-year variability and they ranged from 3.3°C in 1982 to 6.4°C in 2007 (Fig. 3) . The linear trend of changes is positive and statistically significant (p00.01). Mean summer temperature is increasing with a rate of 0.5°C/10 years.
Positive (negative) extremes of daily mean temperatures in the summer were determined as higher (lower) than or equal to the value of the 90th (10th) percentile, namely, ≥8.2°C (≤1.3°C). The total number of days with both positive and negative extremes selected from 35 years exceeds 300 and the annual number of selected days shows a great year-to-year variability (Fig. 4) , although a clear tendency can be seen in the trend of the annual number of Atmospheric circulation has a great impact on developing the field of air temperature and on the occurrence of temperature extremes in the polar climates. It becomes a particularly important factor during the polar night, where there is no solar irradiation and atmospheric and oceanic circulation is the only way of heat transfer. Mean winter pressure pattern over the Euro-Atlantic sector of the Arctic is characterized by a great pressure gradient between distinct baric centers, such as Icelandic Low, Greenland High, and anticyclone over the Eurasian continent (Fig. 5a ). Correlation coefficients between the daily mean surface temperatures in Svalbard Lufthavn and the daily values of SLP computed for winter months prove a strong relationship between the pressure field and temperature on Spitsbergen Island. Two main "centers of action" can be indicated (Fig. 5c) . A lowerthan-normal pressure along the east coast of Greenland (particularly over Fram Strait) is related to higher-thannormal mean daily temperatures over the Svalbard Archipelago (correlation coefficient<−0.6). When active cyclogenesis takes place along the northern coast of Greenland, the cyclones traverse just west of Spitsbergen, with a warm sector over the archipelago. On the other hand, lower-thannormal pressure over the south Barents Sea is related to lower-than-normal mean daily temperatures over the Svalbard Archipelago (correlation coefficient>0.5). Cyclones over the Barents Sea indicate airflow from the north and northeast, bringing cold Arctic air over the entire North Atlantic.
The mean SLP over the Arctic in summer (July-August) differs distinctly from the winter one, i.e., it is much less diversified and the gradient of the pressure field is very small (Fig. 5b) . Also, the influence of pressure patterns on temperature in Svalbard Lufthavn is weaker. Correlation coefficients between the daily mean surface temperatures in Svalbard Lufthavn and the daily values of SLP in grid points computed for the summer months range from 0.33 to −0.26. This time, the mean area of strong influence spreads east to the Svalbard Archipelago. A lower-thannormal pressure over the Franz Josef Land, meaning a cyclonal system located there, causes a decrease in the air temperature over the Spitsbergen Island. A secondary center of positive correlation spreads north to Iceland. Cyclonal activity in this area results in a higher-thannormal air temperature in Svalbard Lufthavn (Fig. 5d) .
Although weaker than in winter, the summer SLP patterns and circulation conditions still have an impact on developing the field of the air temperature in the Arctic. At a composite contour map of SLP constructed for the days with positive mean daily temperature extremes in Svalbard Lufthavn, a distinct anticyclone spreads east to the archipelago (Fig. 6a) . This anticyclone is the center of strongest positive SLP anomalies, exceeding 5 hPa over the Franz Fig. 3 Multiannual course of summer (June-August) mean air temperature in Svalbard Lufthavn station with trend line and equation Fig. 4 Multiannual course of the number of days with the positive (dark gray) and negative (light gray) summer air temperature extremes in Svalbard Lufthavn station with trend lines and equations Josef Land (Fig. 6c) . Positive SLP anomalies take over most of the studied area, while weak negative SLP anomalies (up to −3 hPa) are detected only in the south-central part of it. Both composite and anomaly maps of SLP indicate a strong southeasterly flow over the North Atlantic and European part of the Arctic, which causes an increase in temperature over most of the studied area. Positive anomalies of the air temperature at the isobaric level of 850 hPa reach 5°C over Spitsbergen Island (Fig. 6e) .
Quite different conditions accompany the negative mean daily temperature extremes. In the contour map of SLP constructed for the days with summer negative mean daily temperature extremes, a cyclonal system spreads east to the Barents Sea (Fig. 6b) . It is an area of negative SLP anomalies, which means that active cyclogenesis takes place in this part of the Arctic (Fig 6d) . At the same time, positive anomalies are detected over North Atlantic, with the highest in its western part (exceeding 3 hPa). Such SLP pattern indicates the northern and northwestern flow, which brings cold air from the center of the Arctic to the North Atlantic. These result in negative anomalies of the air mean daily temperature at the isobaric level of 850 hPa spreading all over the studied area, reaching an extreme value of −6°C over the Svalbard Archipelago (Fig. 6f) .
The SLP patterns presented in the composite and anomaly maps in Figs. 5 and 6 give only a general idea of the synoptic conditions during positive and negative temperature extremes. The daily SLP fields both in the group of positive extremes and in the group of negative extremes could differ distinctly between each other. Therefore, the clustering technique was applied to the normalized daily SLP data in order to classify the circulation types causing the positive mean daily temperature extremes in Central Spitsbergen. The three most relevant groups were distinguished and composite maps of SLP, as well as anomaly maps of T850, for each group were constructed (Fig. 7) . In types 1 and 3 high-pressure systems spread to the east of the analyzed area, both providing air inflow from the southerly direction. In type 1, the anticyclone center locates right over Novaya Zemlya, while the deep Icelandic Low spreads over its normal position. Such pressure pattern causes southern circulation in the entire Norwegian Arctic. In consequence, an increase in temperature is observed, exceeding 5°C over the Svalbard Archipelago. In type 1, the total cloudiness, which determines the rate of sun irradiation, is slightly lower than the summer normal in the Svalbard Lufthavn station (75.2 %) and it amounts to 67.4 %. In type 3, the anticyclone locates over the Franz Josef Land Archipelago (right east to Spitsbergen), while the North Atlantic cyclone moves to the east with its center over the Norwegian Sea. A strong pressure gradient between the abovementioned centers of action causes an intensive southeastern influx, which brings warm and relatively dry air masses over the North Atlantic. In consequence, the mean cloudiness in type 3 decreases much below the summer mean (57.6 %) and anomalies of T850 exceed 6°C over the Svalbard Archipelago. Type 2 represents quite a distinct pressure pattern. High pressure encompasses the western part of the area of the study, while a low-pressure system builds up in the southeast. Astonishingly, this time, as a result of the layout of the SLP fields, the northern inflow accompanies the positive extremes of mean daily summer temperature. Weak T850 anomalies (up to 2°C over Svalbard Archipelago) and a relatively high surface air temperature in Svalbard Lufthavn (9.3°C) are due to the clear sky conditions, as the mean cloudiness in type 2 is the lowest among the three distinguished types (44.1 %) and it is by approximately 30 % lower than the summer mean.
The same clustering procedure was applied to the normalized daily SLP data for the days with negative mean daily temperature extremes in order to classify the circulation types causing the negative mean daily temperature extremes in Central Spitsbergen. Composite maps of SLP and anomaly maps of T850 were constructed for the three distinguished groups (Fig. 8) . The common feature of the pressure fields in all three types is a cyclone located in the eastern sector of the entire studied area. In type 1, the center of a not extensive and not too deep cyclone is located northeast of the Svalbard Archipelago. Counterclockwise air circulation around the center indicates northwestern inflow of air masses over Spitsbergen Island. Such inflow direction is strengthened by a high-pressure ridge over the North Atlantic. Negative anomalies of T850 spread over the entire area of the study and they exceed −6°C right over the Svalbard Archipelago. In type 2, the strongest negative anomalies of T850 (below −8°C) appear over northeastern Europe and southern Barents Sea. They are caused by a cyclone located far into the southeast, which, together with a high-pressure ridge over North Atlantic, brings about northern air masses over the studied area. In the last type (3), the lowpressure system is formed over Scandinavia, while the highpressure area spreads on the opposite side of the Atlantic Ocean, along the eastern coast of Greenland. Cold air masses from the northeast flow along the northwestern ridge of the Scandinavian cyclone, causing the anomalies of T850 amounting to −6°C over the Svalbard Archipelago.
Circulation is definitely not the only factor bringing about summer thermal conditions in the Arctic. Nevertheless, the described location of the baric centers and consequently the direction of airflow differ distinctly in the positive and negative mean daily temperature extremes in Svalbard Lufthavn. 
Discussion and conclusions
Changes in the occurrence of extreme temperatures may be considered one of the indicators of climatic changes in the Polar Regions. It makes them an important subject of climatologic studies, particularly at the age of dynamic climate changes (IPCC Fourth Assessment Report 2007) . Although the rate of changes in the mean summer temperature in Svalbard Lufthavn during the recent 35 years is not very spectacular (about 0.5°C/10 years) in comparison to the changes in the temperatures during the winter months (1.65°C/10 years; Bednorz 2011), it is still statistically significant and it testifies to the warming in the Polar Regions. Similar results concerning changes of summer temperature in recent years were obtained for western Norway (Nordli et al. 2003) . Simultaneous to the increase of the mean summer temperature, the annual number of days with positive summer mean daily temperature extremes was increasing with a rate of about 2 days per decade, while the annual number of days with negative summer extremes was decreasing with a rate of about 4 days per decade. Findings of both the present study concerning summer mean daily temperature extremes and the previous study by the same author concerning winter temperatures (Bednorz 2011) correspond to the increase in daily maximum and minimum temperatures in the second half of the twentieth century proved for the Fennoscandia and Nordic Sea regions (Tuomenvirta et al. 2000) . They also confirm the contemporary warming in the Arctic, widely described in several studies (e.g., Brázdil 1988; Førland et al. 1997; Moritz et al. 2002; Comiso 2003; Polyakov et al. 2003; Przybylak 2000 Przybylak , 2002 Przybylak , 2003 Przybylak , 2007 Johannesen et al. 2004; Styszyńska 2005; Turner et al. 2006) .
Although the fact of a temperature increase in the Arctic has been proven, the reasons for this process are considered to be very complex and they are still discussed. Air circulation is considered one of the main factors modifying temperature and, therefore, influencing the climate changes at high latitudes (e.g., Hanssen-Bauer and Forland 1998; Niedźwiedź 2003 Niedźwiedź , 2006 Polyakov et al. 2003; Przybylak 2003) . Serreze et al. (2011) , investigating Arctic temperature anomalies in the last decade (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , have addressed three main factors: (1) a general background warming understood as a response to positive radiative forcing; (2) anomalies in atmospheric circulation; and (3) changes in surface characteristics, in particular, reduced sea ice extent and higher sea surface temperatures. However, they consider the second factor being apparent over the Atlantic side of the Arctic mainly in winter, while in other seasons, they have found the evidence much less clear. For instance, in summer, positive temperature anomalies may appear for different wind directions. It is not quite so for the extremes of the summer mean daily temperatures, as it was proven in this study. Although weaker than in the winter, the summer SLP patterns and circulation conditions still have an impact on developing the field of the air temperature in the Arctic. Namely, anticyclones spreading east to the Svalbard Archipelago, accompanied by the Icelandic Low, cause air inflow from the southerly direction and positive temperature extremes. On the other hand, a cyclonal system spreading east or southeast towards the archipelago, together with a high-pressure ridge over the North Atlantic, indicates the northern air flow and negative temperature extremes.
The results obtained in this study prove that the summer air temperature in the Atlantic region of the Arctic is partly controlled by air circulation, and despite the intensity and stability of the summer cyclones and anticyclones being weaker than in the winter, their position strongly determines the occurrence of temperature extremes in the summer.
